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The  prerequisite  to the  development  success  of  the  novel  mainstream  processes  partial  nitrita-
tion/anammox  is  the out-selection  of  nitrite  oxidizing  bacteria  (NOB).  A  recent  study  suggested  that  this
could be achieved  through  NO  production  by  ammonium  oxidizing  bacteria  under  cyclic  oxic–anoxic  con-
ditions. Indeed,  it is  known  that among  NOB,  Nitrobacter  species  are  reversibly  inhibited  by NO.  However,
the  effect  of  NO  on  the  activity  of  the  NOB  genus  Nitrospira  is not  studied  so  far. Such  an  understanding  is
needed,  since  Nitrospira  related  NOB  are  mostly  prevailing  in  sewage  treatment  plants.  This  study  quanti-
ﬁed  the  effect  of  NO  on  the nitratation  activity  of sludge  types  with  different  Nitrobacter/Nitrospira  ratios.
In  an  oxic  bubbling  column,  a dosage  of  4.4 mg  NO L−1 d−1 (∼2 g  NO–N  L−1 in liquid  phase)  inhibited  the
Nitrobacter  dominated  sludge  with  24%.  For  the  Nitrospira  dominated  sludge  types,  the  inhibition  was
strongly  correlated  with  the  nitrite  half  saturation  constant  (Ks) ranging  from  0%  to  30–50%  and  60–80%
− −1itriﬁer intermediates
itrous oxide
inhibition  of  the  nitrite  oxidation  for Ks of  0.72,  0.36  and 0.06  mg NO2 –N L , respectively.  This  study
showed  that  nitrifying  communities  with  high  afﬁnity  for  nitrite  and low  speciﬁc  nitrite  oxidation  rates
(K-strategists)  can be  strongly  inhibited  by  NO.  The  degree  of  inhibition  could  be  conﬁrmed  in  a  set-up
with  NO  dosage  through  an  artiﬁcial  alginate-based  bioﬁlm,  ensuring  a more  direct  contact  between  NO
and the  microorganisms.
© 2014  Elsevier  B.V.  All  rights  reserved.Nitrite accumulation in activated sludge systems is detected
hen an imbalance in activity between aerobic ammonium oxi-
izing bacteria (AOB) and nitrite oxidizing bacteria (NOB) occurs.
he differential in AOB and NOB rates can be obtained by for exam-
le operation close to washout sludge retention time of AOB and
yclic oxic–anoxic conditions (Regmi et al., 2014; Wett et al., 2012)
nd is a prerequisite of the success of the novel mainstream pro-
esses partial nitritation/anammox (PN/A) (Kuai and Verstraete,
998). However, an AOB/NOB activity differential (speciﬁcally,
wing to relatively lower NOB activity) and thus nitrite accumu-
ation often results in increased nitrous oxide (N2O) and nitric
xide (NO) emissions (Chandran et al., 2011; De Clippeleir et al.,
012; Kampschreur et al., 2009). The similarity in conditions allow-
ng for an AOB/NOB activity differential and NO/N2O emissions is
emarkable (De Clippeleir et al., 2013) and raised the question if
he emissions are a mere result of the nitrite accumulation after
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168-1656/© 2014 Elsevier B.V. All rights reserved.establishment of NOB out-selection or if the emissions can play a
role in the NOB out-selection itself.
From past studies, it is known that NO can suppress nitrite-
dependent oxygen consumption rates in Nitrobacter species
(Starkenburg et al., 2008) and therefore potentially can play a role in
enhancing the AOB/NOB activity differential in novel mainstream
treatment processes omitting nitratation. However, the effect of
NO on the activity of the NOB genus Nitrospira,  which are mostly
prevailing in sewage treatment plants (Daims et al., 2006), is not
studied so far. Therefore, in this study the direct effect of NO on
the NOB activity was studied in different types of nitrifying sludge
(commercial nitrifying inoculum, conventional activated sludge,
mainstream PN/A sludge and manure treatment sludge) with dif-
ferent Nitrobacter/Nitrospira ratios ranging between 61 and 0.01
(Table 1).
A clear distinction was  observed between the Nitrobacter-
and Nitrospira-dominated types of sludge in terms of nitrite
half saturation constants (KS). Nitrobacter-dominated sludge had
higher ‘apparent’ nitrite half saturation constants compared to
the Nitrospira-dominated types of sludge (Table 1) which corre-
lated well with previous descriptions of Nitrobacter and Nitrospira
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Table  1
Composition and nitrite half saturation constant (KS) of the different types of nitrifying sludge. The Nitrobacter/Nitrospira ratio were determined by quantitative polymerase
chain  reaction (qPCR). DNA was extracted using DNeasy mini kit (Qiagen, CA, USA) and the TaqMan assay was used to quantify the 16S rRNA of Nitrobacter and Nitrospira
(Graham et al., 2007). For the nitrite afﬁnity estimation, the maximum nitrite consumption rate was  ﬁrst determined, and then the biomass was fed continuously at half of
the  maximum consumption rate. According to the Monod equation, the resultant stabilized nitrite level at this conversion rate was taken as the KS .
Sludge type Nitrobacter spp. (copies
mg−1 VSS)
Nitrospira spp. (copies
mg−1 VSS)
Ratio
Nitrobacter/Nitrospira (−)
KS nitrite (mg N L−1)
Commercial nitrifying inoculum 3.6 × 105 5.9 × 103 60.88 1.50 ± 0.09
3 1.4 × 106 0.01 0.70 ± 0.10
1.9 × 106 0.45 0.36 ± 0.02
1.3 × 106 0.45 0.059 ± 0.007
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Fig. 1. Effect of nitric oxide (NO) on the NOB-activity of the different types of nitri-
fying sludge, presented in function of their (A) nitrite half saturation constant (KS)
and (B) maximum speciﬁc NOB rate. The NOB rates were determined by measuring
nitrite consumption/nitrate production rates under non-limiting nitrite concentra-
tions (>5 mg N L−1) and compared to an identical control system without NO gas
addition. Nitrite and nitrate concentrations were determined on a 761 Compact Ion
Chromatograph (Metrohm, Switzerland) equipped with a conductivity detector. (•)
NO-dosage of 4.4 mg NO L−1 d−1 (100 ppmv NO gas) in an oxic bubbling column
(©)  NO-dosage of 6.25 mg NO m−2 d−1 through an alginate-based (1.5%) bioﬁlm
(153 cm2), ensuring a more direct contact between NO and the micro-organisms.
The  community did not change in comparison with the bubbling column test as
the  biomass was  not grown, but imbedded in the alginate bioﬁlm just before the
test and the duration of the test did not allow growth in the alginate. Both test
set-ups were provided with a synthetic phosphate buffer solution (pH 7.5) contain-
ing 0.5–2.0 g P L−1 (K2HPO4/KH2PO4) and 10–150 mg NO2-N L−1 depending on the
sludge activity. NO and NOX were measured by chemiluminescence (Eco Physics
CLD 77 AM,  Switzerland) in inlet and off-gas samples of control experiments with-Conventional activated sludge process 7.4 × 10
Mainstream partial nitritation/anammox process 8.5 × 105
Manure nitrogen removal process 5.9 × 105
nrichment culture experiments as r- and K-strategist, respec-
ively (Blackburne et al., 2008). To test the effect of NO on the
OB activity in the nitrifying sludge, a NO/air mixture was bub-
led through a water column in the presence of nitrite to allow for
O contact in aerobic conditions (dissolved oxygen >4 mg  O2 L−1).
 dosage of 0.68 mg  NO g−1 VSS d−1 (100 ppmv NO gas) resulting
n an approximate NO concentration in the liquid of 2 g N L−1
nhibited the Nitrobacter-dominated sludge (commercial nitrify-
ng inoculum, KS 1.50 mg  NO2−–N L−1) by 24% (Fig. 1A). For the
ther types of sludge, the degree of inhibition was strongly corre-
ated with the KS for nitrite ranging from 0% to 30–50% and 60–80%
nhibition of the nitrite oxidation for KS of 0.70, 0.36 and 0.06 mg
O2−–N L−1, respectively (Fig. 1A). The opposite trend could be
bserved in terms of speciﬁc NOB rates in the sludge types, showing
ower inhibition in sludge types with higher speciﬁc nitrite oxida-
ion rates normalized to NOB concentrations (Fig. 1B). Nitrifying
ommunities dominated by Nitrospira-NOB, having a high afﬁnity
or nitrite and lower maximum speciﬁc growth rate (K-strategist)
ere strongly inhibited by NO.
The degree of inhibition in the bubbling columns could be
onﬁrmed in a set-up with NO dosage through an artiﬁcial alginate-
ased bioﬁlm (Fig. 1A). In this set-up, the NO gas is forced to pass
hrough the alginate-based bioﬁlm ensuring a more direct contact
etween NO (100 ppmv NO gas) and the microorganisms, giving
he low solubility of NO in water. Moreover, for the conventional
ctivated sludge, where no NO inhibition could be observed in the
xic bubbling columns probably due to some diffusion limitations
mean ﬂoc size of 81 m compared with 16–33 m for the other
ludge types), a signiﬁcant NO inhibition was observed in the arti-
cial bioﬁlm test, showing the importance of the direct contact of
O with the NOB.
Previously studies showed a suppressing effect on nitrite-
ependent oxygen consumption rates of Nitrobacter cultures for
O concentrations between 7 and 448 g N L−1 (Starkenburg et al.,
008). In our study, the estimated NO liquid concentration in
ll bubble column tests (based on a kLaNO of 706 d−1) was low
2 g N L−1) due to the low solubility of NO in water and this study
herefore shows that even at very low NO concentrations in the liq-
id phase, signiﬁcant effects on the NOB activity in the nitrifying
ludge can be obtained. This indicates that the AOB/NOB activity
ifferential needed in the novel mainstream technologies based on
itritation can potentially be enhanced by a certain level of in situ
O production, for instance by AOB. Indeed, increased AOB/NOB
ifferential rates were observed at higher nitrite accumulation and
ubsequent higher NO emission in a mainstream PN/A reactor (De
lippeleir et al., 2013). Because NO is produced in situ within the
ioﬁlm, ﬂoc or granule, the presence of anammox in a PN/A reac-
or will make it possible to take up the excess NO and thus not
ecessarily induce increased greenhouse gas emissions (N2O).
This study shows for the ﬁrst time the direct effect of NO on
OB activity in nitrifying sludge and the dependency of the inhi-
ition effect on the type of dominant NOB, characterized by the
alf saturation constant for nitrite, speciﬁc NOB rates and Nitrobac-
er/Nitrospira ratio. Further research is needed to elucidate the
out  biomass. The NO concentration in the off gas was always equal to the dosed NO
concentration, indicating that no NO2 and/or nitrite was  formed in this experimental
set-up.
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